INTRODUCTION
The atlantoaxial complex has a unique bone, ligamentous, and vascular anatomy that particularly distinguishes it from the subaxial spine, making it challenging to achieve mechanical stability in this very mobile spine segment [1] [2] [3] . Due to the high range of motion of the C1-2 segment, fusion rates at this level have been lower than those at the subaxial spine
4-6
. Spinal diseases such as trauma, congenital malformations, tumors, and inflammatory disorders may lead to cervical instability involving the axis, requiring surgical fixation 7, 8 . Although the posterior wiring procedure is easy to accomplish, this technique has a high rate of nonunion, leading to incomplete immobilization and pseudoarthrosis [9] [10] [11] [12] . Since the first description of the sublaminar wiring technique by Gallie 6 in 1939, many derived procedures for internal fixation have been proposed to treat atlantoaxial instability 4, 13, 14 . Although the transarticular screw fixation provides superior stability and higher bone fusion rates compared to wiring
12,15
, it is a technically demanding procedure with a risk of injury to the vertebral artery and spinal cord 16, 17 . Pedicle screws fixation has emerged as an effective form of axis instrumentation and is probably the technique that offers the strongest possible fixation
18,19
. Another screw fixation technique, very similar to the transarticular C1-2 technique, is the insertion of pars interarticularis screws, using shorter length screws, with the same trajectory through the isthmus
20
. In patients who do not require a laminectomy and have a prohibitive pedicle or pars anatomy, the use of laminar screws for immobilization of the axis is possible and without risk of vertebral artery injury
20-22
. We have previously published our preliminary experience with axis screws instrumentation, proposing an algorithm on the decision for axis fixation
23
.
In the present study, we present our experience with a more extensive series of cases of axis screw instrumentation, discussing surgical nuances and complications.
METHODS
A retrospective case series of patients who underwent axis stabilization using pars, pedicle, or laminar screws from 2009 to 2017 was performed by a single surgeon (AFJ). Forty-seven more patients were added to our previously published initial case series of 17 patients
23
. All patients that underwent surgery that involved axis fixation with screws were included. The only exclusion criteria were lack of clinical or radiological data. The study was part of a database of spinal patients, performed retrospectively (17337313.7.0000.5404)
The collected clinical data included: age, sex, surgical indication, surgical complications and preand post-op neurological status. Radiological images were obtained preoperatively in all patients. 3D CT scans and CT angiogram (whenever assessment of the vertebral artery involvement was necessary) were analyzed by the chief surgeon (AFJ) in order to evaluate axis morphology and decide about the fixation technique to be used.
After the surgical procedure, all patients underwent at least one CT scan for checking screws position and plain radiographs with a dynamic image during follow-up.
RESULTS
Sixty-five patients with complete data were found in our database. Forty patients were male (61.5%), and twenty-five were female (38.5%). The average age was 42.2 years (ranging from 5 to 77 years old). The demographic data are presented in Table 1 , and case examples are shown in figures 1 to 2.
The majority of our cases were due to spinal trauma involving the axis (36 patients -55.4%), followed by congenital craniocervical malformations (twelve patients -18.5%), degenerative spine conditions (nine patients -13.8%), spinal tumors (two spinal metastases and one primary giant cell tumor -4.6%), post-laminectomy kyphosis (three patients -4.6%) and inflammatory disorders (two cases of rheumatoid arthritis leading to C1-2 instability -3.1%)
Thirty-seven patients (57%) required concomitant C1 fusion and fourteen cases (21.5%) underwent occipitocervical fusion.
Bilateral axis fixation was possible in the majority of cases (60 patients -92.3%). Twenty-three patients (35.4%) underwent bilateral laminar screws fixation; pars screws were used in twenty-two cases (33.8%), and pedicular screws were used in only three cases (4.6%). In fourteen cases (21.5%), we performed a screw hybrid construction: lamina and pars (eight cases), pedicle and pars (three cases), pedicle and lamina (one case), bilateral pars and lamina (one case) and bilateral lamina and pars (one case). In three cases, we had to use unilateral screw fixation: two with one laminar screw and one with pars screw. Considering hybrid construction, two cases required three axis screws. In one of these patients, with complex axis fracture and C1-2 luxation, we used concomitant C1 lateral mass screw and C2 bilateral laminar and unilateral pars screws. In another patient, a child with a C1 bone cyst, we performed a hybrid construction with bilateral pars and unilateral laminar screws and a concomitant occipitocervical fusion. A total of 132 axis screws were used considering all the patients.
In one case, we had a superficial infection at the site where the graft was harvested. There was no neurological worsening or complications directly related to the use of axis screws, such as vertebral artery injury or neurologic injury. One patient (with a giant cell tumor and a C2-T2 fusion) had a pars screw pulled out during follow-up, but was not reoperated once she had only mild cervical pain. One patient with a C2 pedicle screw had a canal violation but was not reoperated either, since the patient was asymptomatic. There were no surgical related deaths in this series. One patient, with traumatic brain injury and Type II odontoid fracture, died from pulmonary sepsis one month after the procedure. The most common complication was superficial wound infection in three cases (4.6%), all of them in occipitocervical fusions.
DISCUSSION
Although there are many techniques for screw fixation of C2 available, the unique anatomy of this vertebra and its variations can significantly impact all these procedures 24 . Therefore, solid anatomical knowledge and the surgeon's familiarity with C2 screw fixation techniques are of paramount importance for the efficacy of the procedure.
Transarticular screws are widely used and described in the literature for their superiority in biomechanical immobilization of C1-2
5
. However, this procedure is technically demanding and sometimes even prohibitive because of the potential risk for vertebral artery injury.
Pars screws are an alternative method for axis fixation with less risk of vertebral artery injury 24 . The insertion of a C2 pars screw is similar to the posterior transarticular screw placement, using shorter length screws, with the starting point selected in the medial half of the inferior facet of C2 (2 mm up and 2 mm lateral to the junction of the medial portion of the C2-C3 facet joint)
20
. Hoh et al. 24 retrospectively reviewed a random selection of 50 CT scans and evaluated various starting points and trajectories for C2 pars screws. They concluded that 99% of pars interarticularis are at least 14 mm in length when using a conventional transarticular screw entry point with a trajectory directed toward the superior facet-pars junction. In our series, we used pars screws lengths of 14-16 mm for maximal safety in order to avoid breaching the transverse foramen.
Considering pedicle screws, the entry point is located lateral to the superior margin of the lamina, and the trajectory for drilling the pedicle is about 20 degrees up and 15-25 degrees medially 20 . Preoperative CT scans are fundamental to demonstrate any rotational variations that influence the final direction. Patients with a hypoplastic pedicle do not tolerate a C2 pedicle screw 24 . Igarashi et al.
25
selected 98 dry axis vertebrae of adult skeletons for measurement and showed that 20% of the specimens had a pedicle diameter smaller than 3.5 mm, making the screw placement difficult. Because of this potential risk, pedicle screws were less used in our series. Frequently, many studies fail to anatomically define the C2 pedicle and the pars and often combine these structures 26 . Elliott et al. 27 reviewed a series of published papers describing C2 pars and pedicle screw implantation and demonstrated that both types can be placed accurately with low morbidity. The risk of vertebral artery injury with C2 pedicle screws was 0.3%, and no injury occurred with shorter pars screws, while longer pars screws (> 16 mm) could increase the risk of artery injury 27 . There was a low rate of clinically significant screw inappropriate positions for both techniques 27 . They also showed that C1 lateral mass screws combined with C2 pars or pedicle screws can provide excellent rates of stabilization without the use of halo-vest immobilization (95-99%) 27 . In the case of laminar screws, the entry point angle and direction of the drilling should match the slope of the lamina 20 . In this technique, the entire length of the screw is within the surgical field, making placement safer and minimizing any risk to the vertebral artery injury 20 . Cassinelli et al. 22 studied the axis vertebrae of 420 human adult cadavers and showed that the lamina can safely accommodate screw placement in the majority of specimens. They also demonstrated gender-related differences in laminar measurements 22 . Laminar thickness was 8.3% smaller in women compared to men 22 . Interesting, there were no statistically significant differences in laminar measurements considering race, height, and weight 22 . A comparison of operative morbidity, accuracy, and durability of laminar versus pedicle screw fixation of C2 was published by Parker et al. 28 . The authors divided the patients into two groups: axial and subaxial fixation 28 . After one year postoperatively, pseudoarthrosis or screw pullout requiring operative revision occurred in 4 (6.1%) patients with laminar screws versus 0 patients with pedicle screws in subaxial constructions 28 . However, no cases of laminar or pedicle screws for axial cervical fusions required reoperation 28 . These findings indicate that both techniques are equally effective and safe for axial cervical fusions, while the durability of laminar screws might be inferior to pedicle screws when extended to the subaxial spine 28 
.
Biomechanical testing using fourteen cadaveric specimens suggested that C2 pedicle screws offer the strongest fixation 29 . Their results also demonstrate that laminar fixation is superior to pars instrumentation 29 . In our series, we used pedicular screws only in situations that large constructions were required, such as C2-thoracic fusions.
CONCLUSION
In conclusion, axis screw instrumentation was a safe and efficient method used for cervical stabilization, regardless of the technique used. The choice of the suitable fixation technique should be determined by the local anatomy, posterior element fractures or necessity to remove the posterior elements. The choice of the technique also depends on the surgeon's experience and preference. 
